In order to improve the productivity and the production efficiency of the greenhouse, the canopy photosynthesis model of tomato -one of the main species cultivated in greenhouse was developed based on simple leaf photosynthesis, after the comprehensive consideration of leaf area index and light density distribution in greenhouse. At the same time, the model has considered the influence of the environment (temperature, CO2 concentration and moisture). Utilizing the test data materials to evaluate the model, the simulation result shows that the relative error of photosynthetic rate between observed value(except for 0) and simulated value is 0~10.0% and they had good consistency. The model developed in this study could give satisfactory predictions of the variation of photosynthetic rate, which established the foundation for the next study on the effects of environmental factor on the growth and further automatic control of greenhouse tomato production.
Introduction
The crop growth simulation model is the application of systematic analysis and computer technology, which integrated the researches of many disciplines, such as crop physiology, ecology, agro-meteorology and agriculture. By this simulation model, the plants and its environmental factors are quantitatively analyzed and researched for growth simulation as a system [1] . Tomato is one of major vegetables in China, with cultivation area and the marketing rank first among the vegetables [2] . Therefore, the establishment of growth model with high universal and accuracy has significances in improving the economical and ecological benefits of greenhouse tomato.
As photosynthesis is the basic process that determines the primary productivity in terres-trial ecosystems, it received early attention by experimentalists as well as modelers via research ranging from the biochemical levels to the canopy level [3] . Up to now, a plenty of models have been established for plants photosynthesis and matters accumulation [4] [5] [6] [7] [8] [9] . In the Netherlands and America the plants growth model have considered the effects of water and nitrogen on photosynthesis, with the strongest mechanistic plants photosynthesis model [4] [5] [6] [7] . However, the models in the Netherlands have been confined in the practical applicant because the parameters such as stomatal resistance, etc. are very difficult to be obtained; the models in American are good at the effects of soil moisture and nitrogen on photosynthesis.
After the comprehensive consideration of the advantages of mechanistic models and empirical models in the world, combining the characteristics of the growth of greenhouse tomato, we established the suitable mechanistic model for the relationship between the greenhouse tomato canopy photosynthesis and sunshine, temperature, water and CO 2 concentration, which established the foundation for the accurate simulations of the tomato growth and yield formation
Model Description

Model establishment
Many models on the single leaf photosynthesis have been established, the single leaf photosynthesis model in the study is as follow (all symbols and units are listed in Table 1 ):
Its reasonable solution is:
Where is the convexity of photosynthesis curve, dereferencing between 0~1, when 0 = , the Eqs. (1) will degenerate into a rectangular hyperbolic equation, which is the way that widely applied in the single leaf photosynthesis, and also applied in this study. That is, under the normal CO 2 concentration and appropriate temperature conditions, the intensity of photosynthesis is mainly affected by the effective intensity. Its expression is:
Where varies with the different covering materials, 0.8 in the glass greenhouse, and 0.6 in the plastic greenhouse, or can be obtained by actual measurement.
As can be seen form the Eqs. (2), the single leaf photosynthesis includes two important characteristic parameters: one is the initial slope of curve, that is, the initial light utilization efficiency , the initial . The initial utilization rate of the absorbed light energy mainly describes the characteristics of biophysics process, and it has the relatively stable characteristic values. The maximum photosynthesis rate mainly depends on crop performance and environmental conditions, especially reflects the biochemical process and physiological conditions. Therefore, the assimilation of CO 2 of the canopy tomato in one day, known as the total photosynthetic is defined as:
Where: DL h is the day length,
and LAI can be expressed by Logistic equation, written as: 
Where s is the average physiological radiation intensity per hour, written
And the value of k which can be obtained by test measurement is closely related to the arrangement state of leaves and physiological time of plants, its daily change can be obtained by simulation.
The effective height of the infinite-growth-typed tomato in greenhouse (after seedling) generally remains about 2m. In this paper, the tomato canopy is divided into 3 layers according to the practical needs, that is, while the leaf area index increased by 2 up-down the canopy is defined as a layer, the last layer is considered as a layer whether the leaf area index is equal to 2 or not. Certainly, the plants are short in seedling stage, the distribution of leaves in the canopy is inhomogeneous and the layer dividing is not considered.
According to the formula above, the daily total photosynthesis of every layer in tomato canopy can be obtained as:
Model modification
The maximum photosynthetic intensity, which is the maximum leaf photosynthetic intensity when all conditions in the environment are suitable, will decline when one of the environmental factors is unsuitable. The initial solar energy utilization is affected by environmental factors, therefore, the daily total canopy photosynthesis of tomato is the function of environmental factors. To ensure the accuracy of the results the Eqs.(9) was rectified according to the law of limiting factor of Blackman, written as:
PCG is the actual daily total canopy photosynthesis, Table 2 ) is the CO 2 concentration, temperature, moisture and nitrogen modified function of photosynthesis respectively. The effects of CO 2 concentration, temperature and moisture were mainly considered in this research. 
Model Verification
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Methods of experiment
Conditions of experiment
The test species of tomato was Counter in the Netherlands greenhouse after three years cultivation. The experiments were conducted in the greenhouse of Shanxi Agricultural University. The greenhouse locates at east longitude 112 53 , north latitude 37 42 . The climatic characters are as: four distinctive season, moderate intensity of sunlight, rainy season and high temperature season being synchronous.
The greenhouse is arched and four-span structure from east to west the east-west width is 34m , northsouth length is 40m. The column height is 3.5m, the ridge is 5.5m and the volume is 5640m 3 . Experiment mainly relied on the 'Facilities and Environment Laboratory', its facilities included: the remote controllable and measurable 'phytalk' plants physiology and zoology monitoring system made by Israel phytech in Sept 2005; 'Sun Scan' canopy analyzing system made by England in June 2005; the 'WINFOLIA' multifunctional leaf area measurer made by Canadian REGENT in April 2005. These equipments are equipped with standard RS232 interfaces which enable an online real time data testing.
Design of experiment Throughout the growing season of tomato, the managements were carried out according to the technique rules of long seasonal cultivation which is drawn up by the institute of vegetables and flowers, the Chinese Academy of Agricultural Sciences. During experiment, seven continuous representative plants were been selected as observed objects in each greenhouse, and that is 28 spring crops and 7 summer crops. Spring tomato was sampled and tested every 14days from March 27 (the 86th day) and summer tomato was sampled from July 1 (the 182nd day). At a time, the most representative 7 plants of the two crops were selected, taken the stem, leaf, fruit between the two flower clusters as a unit, cut it in every flower cluster, weight the fresh and dry weight of the root and the leaf (including petiole), stem, flower cluster respectively, recorded the maximum leaf length and width of every leaf, the number of leaves and flower spikes, etc, calculated the occurrence rate of the leaf, head emergence rate, leaf area index by the test data above. After the comprehensive consideration of every environment parameters, the relationship between environmental factors and tomato growth were obtained.
Parameter determination
Determination of heat transfer coefficient of photosynthesis During the photosynthesis of vegetations, the production of 1mol CO 2 assimilation is 1 mol carbohydrate O CH 2 , per mol red and purple light within the photosynthetically available radiation covering the wavelength range 380~720nm, which contain 180KJ and 297KJ heat and the solar energy use efficiency is respectively 26% and 16%. In this paper, in order to transform the daily total CO 2 assimilation described in the canopy photosynthesis simulation model into the heat change, a coefficient 0 h which denotes the heat transfer coefficient of photosynthesis was introduced as follow:
Determination of parameters in canopy photosynthesis model Fig.1 . The curve of light-photosynthesis for tomato colony Fig. 1 was measured under normal outdoor CO 2 330~350 ppm concentration and indoor temperature (25~34 ), it shows that the photosynthetic rate presents a tendency of straight climb with the increase of illuminance when illuminance is less than 172
, then the increase becomes slowly especially when illuminance exceeds 800
, it reaches saturation and keeps mostly unchangeable when illuminance is more than 1200
. The regression mathematical model between the saturation point (1337.21
) and the compensation point (37.21 (12) Where P (
) is the net photosynthetic rate and I (
) is the illuminance. Therefore, the initial slope of the light -photosynthesis curve and the maximum photosynthesis rate is respectively as follow: As can be seen from the table 3 and Fig.2 , the diurnal variation curve of the net photosynthesis shows the double-peak curve, that is, after sunrise with the continuous increase of the illuminance and temperature, the net photosynthetic rate increases rapidly and reaches the maximum values at about 9:00, then declines gradually. At 12:00 13:00 the unobvious midday depression was appeared, then increased again, decreases sharply after 15:00. The relative error between simulation and observation values is 0~10.0% when the actual photosynthetic rate don't equal to 0, with the good consistency.
Model verification
Conclusions
In this paper, with a view to the eco-physiological function of tomato, the photosynthesis simulation model of greenhouse tomato was developed. The results show that it had high fitting degree. The model developed in this study can give satisfactory predictions of the influence of environmental factor to the growth of tomato, which established the foundation for further automatic control of greenhouse tomato production. However, the study on the plant model is a complex progress which is limited by the conditions and time of study. The Net photosynthetic rate Light intensity current model is limited as it was only applied to the period which light intensity is not equal to 0. In order to apply the model for the prediction of colony photosynthesis for the whole day, it is necessary to perfect it continuously, further to test the simulation results and optimally analyze some parameters in it.
